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Autophagy is one of the major immune mechanisms engaged to clear intracellular infectious agents. However,
several pathogens have evolved strategies to evade autophagy. Here, we demonstrated that Mycobacteria, Shigella, and
Listeria but not Klebsiella, Staphylococcus, and Escherichia inhibit IFNG-induced autophagy in macrophages by evoking
selective and robust activation of WNT and SHH pathways via MTOR. Utilization of gain- or loss-of-function analyses as
well as mir155-null macrophages emphasized the role of MTOR-responsive epigenetic modifications in the induction
of Mir155 and Mir31. Importantly, cellular levels of PP2A, a phosphatase, were regulated by Mir155 and Mir31 to fine-
tune autophagy. Diminished expression of PP2A led to inhibition of GSK3B, thus facilitating the prolonged activation of
WNT and SHH signaling pathways. Sustained WNT and SHH signaling effectuated the expression of anti-inflammatory
lipoxygenases, which in tandem inhibited IFNG-induced JAK-STAT signaling and contributed to evasion of autophagy.
Altogether, these results established a role for new host factors and inhibitory mechanisms employed by the pathogens
to limit autophagy, which could be targeted for therapeutic interventions.

Introduction

Autophagy is primarily a homeostatic mechanism that
enables recycling of the cellular cargo or damaged or excess
organelles by sequestering them to characteristic double-
membrane autophagosomes, which in turn fuse with lysosomes.!
Mechanistic target of rapamycin (MTOR) is a critical regulator
of autophagy, which inhibits the activation of the ULK (unc-
51 like autophagy activating kinase) complex required for
initiation of autophagy. Stimulation of the ULK complex
leads to a cascade of events including activation of class III
phosphatidylinositol 3-kinase (PtdIns3K) complexes, ATGY,
MAPILC3 (microtubule-associated protein 1 light chain 3)
conjugation systems to form the functional autophagosome.??
Apart from the cues such as nutrient limitation, stress, and
starvation, infection-induced autophagy has recently garnered
attention.*’

Autophagy contributes to both innate and adaptive
immune responses to infections and plays an essential role in
restricting intracellular pathogens and delivering pathogen-
derived antigens for major histocompatibility complex class
IT presentation.” Thus, autophagy acts as one of the major
regulatory mechanisms to curtail the infectious agents.
However, intracellular pathogens, especially viruses such
as herpes simplex virus, human immunodeficiency virus,
influenza; and bacteria like Mycobacteria, Shigella, Listeria,
exhibit multiple mechanisms to evade autophagy.'™"? Escape
from autophagy includes not only the ability of the pathogen
or pathogen-derived antigens such as Shigella T3SS effector
IcsB" and the Listeria protein ActA® to directly modulate
the components of autophagy but also the utilization of this
machinery for their survival as in the case of several viruses."
Further, genome-wide screening studies have indicated the
existence of pathogen-induced host macromolecules that could
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16 However,

inhibit autophagy during mycobacterial infections.
the identities of such host signaling molecules and mechanisms
by which pathogens modulate autophagy have not been explored
in depth.

Recognition of pathogens by pattern-recognition receptors
(PRR) such as rtolllike receptor (TLR) and subsequent
cytokine responses lead to numerous signaling pathways that
could modulate the various molecular regulators of autophagy.
Interestingly, signaling via TLR4, as well as TLR7 and TLR8
but not TLR2, an important PRR utilized by pathogens such
as Mycobacteria, Shigella, and Listeria, induce autophagy,”
suggesting that these pathogens might use the TLR2 pathway
to escape autophagy. Several reports have shown that TLR2
signaling by Mycobacteria leads to activation of a gamut of
pathways like NOTCHL"™ WNT,” SHH (sonic hedgehog)®
contributing to the differential regulation of the innate immune
response and cytokine milieu.?! Of note, a recent study reveals the
inhibitory effects of HH signaling on autophagy.?* Further, the
Th1 cytokines TNF* and IFNG (interferon, gamma)**® that are
implicated in protective responses to mycobacteria, could augment
autophagy while the Th2 cytokines IL4 and IL13 could inhibit
autophagy by modulating the class I phosphoinositide 3-kinase
(PI3K) and MTOR signaling.*® Based on these observations,
we hypothesized that pathogens have the ability to differentially
regulate the signaling pathways to regulate autophagy.

Here, we demonstrate that bacterial pathogens such as
Mycobacteria, Shigella, and Listeria inhibit IFNG-induced
autophagy and stimulate robust activation of MTOR-responsive
WNT and SHH signaling. GSK3B, a negative regulator and a
nodal link between WNT and SHH pathways was ascertained to
be regulated by a protein phosphatase, PP2A. The activity of PP2A
was marked by MTOR-dependent expression of microRNAs,
Mirl55 and Mir31 as validated by utilization of macrophages
derived from mirI55-null mice or by conventional siRNA or
miRNA mimics or overexpression strategies. Importantly,
we found that infection-induced WNT and SHH pathways
stimulated the production of ALOXs (arachidonate lipoxygenases)
that facilitated the ability of the pathogens to inhibit autophagy.
Together, we have identified novel molecular mechanisms and
host factors that are crucial to control autophagy and help the
bacterial pathogens to evade the host immune responses.

Results

MTOR-dependent
autophagy

WNT-SHH  signaling  regulates

To investigate the molecular mechanisms of regulation
of autophagy by pathogens, we chose a panel of bacteria.
Klebsiella pnewmoniae, Staphylococcus aureus, and Escherichia
coli were previously reported to induce autophagy, whereas,
Mycobacterium bovis BCG, Shigella  flexneri, and Listeria
monocytogenes are known to inhibit autophagy. First, we assessed
the ability of these pathogens to modulate IFNG-mediated
autophagy in macrophages. As expected, IFNG-induced
high levels of autophagy in macrophages as analyzed by the
characteristic MAPILC3 puncta formation and MAPILC3-II
lipidation (Fig. 1A~C). Interestingly, IFNG-induced autophagy
was significantly inhibited by M. bovis BCG, S. flexneri, and L.
monocytogenes whereas the other 3 bacteria did not modulate the
process. For further investigations, M. bovis BCG was used as
a model pathogen while other bacteria were used only for key
experiments.

TLR2 is one of the major innate PRRs that mediates the
immune response to mycobacteria. We analyzed the role for
TLR2 in inhibition of IFNG-induced autophagy. M. bovis
BCG failed to inhibit IFNG-induced autophagy both in
TLR2 dominant negative (DN)-expressing and #/r2-deficient
macrophages (Fig. S1A-S1C). Further, MTOR, an essential
regulator of autophagy was phosphorylated and markedly active
in M. bovis BCG-, S. flexneri- and L. monocytogenes-infected
macrophages as assayed by phosphorylation status of ribosomal
protein S6 kinase, 70 kDa, polypeptide 2 (RPS6KB2/p70S6K)
at an MTOR-specific phosphorylation site (Thr389) (Fig. 1D).
Corroborating these results, MTOR-immunoprecipitates from
M. bovis BCG-, S. flexneri- and L. monocytogenes-infected
macrophages displayed increased MTOR kinase activity as
analyzed by ELISA-based activity assays (data not shown). These
results indicate MTOR-dependent regulation of autophagy by
these pathogens.

Previous reports suggest that mycobacteria activate the
TLR2-dependent RAS pathway.?”?® Further, phosphatidic acid,
a product of PLD1 (phospholipase D1, phosphatidylcholine-
specific), is a known inducer of MTOR signaling® and a role
for RAS-induced, PLDIl-mediated MTOR activity is also
established.®® Therefore, we examined the role of RAS-, PLDI1-
and PI3K-mediated MTOR activation during mycobacterial
infection. We saw that, pharmacological inhibition of RAS-
PLDI1-PI3K significantly abrogated M. bovis BCG-induced
activation of MTOR as assayed by phosphorylation status of
RPS6KB2 (Thr389) (Fig. SID). Interestingly, M. bovis BCG
failed to induce MTOR activation in #r2-deficient macrophages
(Fig. SID). S. flexneri and L. monocytogenes also exhibited

medium; NT, nontargeting; DN, dominant negative. Scale bar: 5 pm.

Figure 1 (See opposite page). Bacteria that inhibit autophagy induce MTOR-dependent WNT-SHH signaling. (A and B) Murine RAW 264.7 macro-
phages were transiently transfected with pEGFP-MAP1LC3 and infected with indicated bacteria for 12 h prior to IFNG (200 U/ml) treatment for 2 h.
Representative immunofluorescence images are shown (A) and the number of cells expressing MAP1LC3 puncta was quantified (B). (C) Immunoblotting
was performed to analyze MAP1LC3-I/-Il using lysates obtained from peritoneal macrophages (from C3H/HeJ mice) infected with the indicated bacteria
for 12 h prior to IFNG treatment. (D and E) show the activation analysis of MTOR-RPS6KB2 (D) and expression analysis of WNT-SHH signaling markers
(E) upon infection of peritoneal macrophages (from C3H/HeJ mice) with the indicated microbes. (F and G) Murine RAW 264.7 macrophages were tran-
siently transfected with NT or Mtor siRNA or MTOR overexpression or dominant negative constructs and infected with M. bovis BCG for 6 h. Transcript (F)
and protein (G) levels of various WNT-SHH signaling markers were determined using quantitative real-time RT-PCR and immunoblotting respectively.
All data represent the mean + SEM for 5 to 6 values from 3 independent experiments, ns = not significant, *P < 0.05, **P < 0.005, ***P < 0.0001 (one-
way ANOVA) and all blots are representative of 3 independent experiments. The cells were infected with bacteria at MOI 1:10 in the experiments. Med,
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similar TLR2 dependency for MTOR activation (data not
shown). Further, M. bovis BCG-infection of macrophages
triggered marked activating phosphorylation of ULK1 (Ser555)
while MTOR-dependent inhibitory phosphorylation of ULK1
(Ser757) was marginal (Fig. S1E). These data thus suggest that
regulation of autophagy by mycobacteria via MTOR is ULK-
independent. Therefore, we aimed at identifying other MTOR-
responsive mediators that could play a role in abrogating IFNG-
induced autophagy during mycobacterial infection.

Previously, we have demonstrated that TLR2-mediated
signaling by M. bovis BCG triggers NOTCH,"* WNT" and
SHH?® pathways in macrophages. Interestingly, MTOR can
inhibit GSK3B,?"%* a negative regulator of WNT and SHH
pathways suggesting that WNT and SHH might be implicated
in MTOR-dependent regulation of autophagy by Mycobacteria
and other pathogens. In line with this hypothesis, M. bovis BCG,
S. flexneri, and L. monocytogenes induced increased activation
of both WNT and SHH pathways (Fig. 1E; Fig. S1F). WNT
pathway activation was analyzed by transcript levels of WNT-
responsive genes Wnz5a, Fzd4, and Lrp5 and phosphorylation
status of CTNNBI and GSK3B. Phosphorylated CTNNBI
(Ser33 and Ser37, as well as Thr4l) indicates inactivation
of WNT pathway whereas phosphorylation at Ser9 renders
GSK3B inactive and activates WNT signaling. Transcript
analysis of Shh, Ptchl, and Glil and protein level expression
of SHH, GLI1, NUMB, GSK3B were utilized as read out for
activation of canonical SHH signaling. Increased SHH, GLII,
p-GSK3B (Ser9) and decreased NUMB indicates active SHH
signaling. MTOR-mediated activation of these pathways was
further confirmed by the inability of M. bovis BCG to induce
the activation WNT and SHH pathways in the presence of
Mtor-specific siRNA or DN (Fig. 1F and G; Fig. S1G) and that
overexpression of MTOR in macrophages induced WNT and
SHH pathways (Fig. 1G; Fig. S1G).

We further corroborated the inhibitory effects of WNT and
SHH signaling on IFNG-induced autophagy by overexpression
and knockdown experiments. Ectopic expression of WNT5A and
SHH proteins drastically abrogated IFNG-induced MAP1LC3
lipidation and puncta formation (Fig. 2A and B; Fig. S2A and
S2B). Substantiating this observation, inhibition of WNT and
SHH signaling either by pharmacological inhibitors or by RNA
interference of Wnt5a, Ctnnbl, Shh, or Glil significantly reduced
the ability of M. bovis BCG to inhibit IFNG-induced autophagy
(Fig. 2C-F; Fig. S2C-S2F).

GSK3B regulation by MTOR-PP2A influences autophagy

Protein phosphatases such as PP2A, a Ser/Thr protein
phosphatase, have been implicated in the process of autophagy.*
PP2A dephosphorylates the inactive GSK3B to active form.*
However, the specificity of PP2A is attributed to the numerous
regulatory subunits, among which, B56 (PPP2R5A)-containing
PP2A has been proposed to have an inhibitory role on WNT?43¢
and SHH¥% pathways. As GSK3B inhibition was found to be
MTOR-responsive (Fig. 1G), we investigated the repercussion of
regulation of GSK3B by MTOR and PPP2R5A on autophagy.
Interestingly, by RNA interference of either MTOR (Mzor
siRNA) or individual molecular complexes (MTORCI-Rpror
siRNA and MTORC2-Rictor siRNA), we found that M. bovis
BCG downregulates the expression of PPP2R5A protein, but
not transcripts, in an MTOR-dependent manner (Fig. 3A
and B; Fig. S2G and S2H). Corroborating this result, both
MTORCI and MTORC2 seem to possess the ability to inhibit
IFNG-induced autophagy, though the latter was comparatively
less effective (Fig. 3C). Coimmunoprecipitation of PPP2R5A
and GSK3B further confirmed the PP2A-GSK3B regulatory
interactions (Fig. 3D). Importantly, macrophages that were
transfected with Ppp2r5a-specific siRNA remained refractory to
IFNG-triggered autophagy thus underscoring the importance of
PPP2R5A in autophagy (Fig. 3E and F; Fig. S2I). In accordance,
overexpression of PPP2R5A in macrophages strongly repressed
M. bovis BCG-driven inhibitory effects on IFNG-induced
autophagy (Fig. 3G and H; Fig. S2J) and failed to induce WNT
and SHH pathway in response to M. bovis BCG (Fig. 3I).
Together, these results demonstrate that pathogens could evade
host response such as autophagy by modulating PP2A levels.

MirI55 and Mir31 target Ppp2r5a to limit autophagy

M. bovis BCG-induced decrease in PPP2R5A protein but
not the transcripts (Fig. 3A and B), strongly advocates a role for
posttranscriptional regulatory mechanisms like those mediated
by miRNAs. Data from a miRNA microarray”® together
with extensive bioinformatic analysis (TargetScan, miRanda,
miRWalk and RNAhybrid) identified Ppp2r5a as a potential
target for Mirl55 and Mir31. The target sites located at the
residues spanning from 1022 to 1028 (for MirI55) and 960 to
967 (for Mir31) in Ppp2r5a mRNA were identified as critical for
miRNA-3"UTR interactions (Fig. 4A).

To explore their possible role in the current study,
macrophages infected with the panel of bacteria were analyzed
for induced expression of Mirl55 and Mir31. Infection with

Figure 2 (See opposite page). WNT-SHH signaling contributes to M. bovis BCG-mediated inhibition of autophagy. (A) Cotransfection of RAW 264.7
macrophages with pEGFP-MAP1LC3 and WNT5A or SHH overexpression constructs were performed, treated with IFNG and number of cells expressing
MAP1LC3 puncta were quantified. (B) Immunoblot analysis of MAP1LC3 cleavage state in murine RAW 264.7 cells transfected with WNT5A or SHH or
both WNT5A and SHH overexpression constructs and treated with IFNG (200 U/ml) for 2 h. (Cand D) Transient cotransfection of RAW 264.7 macrophages
with pEGFP-MAP1LC3 and the indicated siRNA was performed and treated as indicated in (A). Representative immunofluorescence images are shown
(€) and the number of cells expressing MAP1LC3 puncta was quantified (D). (E) Macrophages derived from peritoneal exudates of C3H/HeJ mice were
pretreated with pharmacological inhibitors of the WNT signaling pathway like FH535 (CTNNB1/TCF inhibitor), IWP-2 (WNT secretion inhibitor) and the
SHH signaling pathway like Cyclopamine (SMO inhibitor), Betulinic Acid (GLI inhibitor) for 1 h, infected with M. bovis BCG for 12 h and treated with
IFNG for 2 h as indicated. Lysates were analyzed for MAP1LC3-I/-Il patterns by immunoblotting. (F) Murine RAW 264.7 macrophages were transiently
transfected with NT or indicated siRNA. 48 h post transfection, cells were infected with M. bovis BCG for 12 h, followed by 2 h treatment with IFNG.
Immunoblot analysis for MAP1LC3 cleavage was performed. All data represent the mean + SEM for 5 to 6 values from 3 independent experiments, *P <
0.05, **P < 0.005 (one-way ANOVA) and all blots are representative of 3 independent experiments. The cells were infected with bacteria at MOI 1:10 in
the experiments. Med, medium; NT, nontargeting. Scale bar: 5 pm.
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M. bovis BCG, S. flexneri, and L. monocytogenes but not with
K. pnewmoniae, S. aureus, and E. coli elicited robust expression
of Mirl55 and Mir31 (Fig. 4B). Importantly, M. bovis BCG
infection or transfection with Mir155 or Mir31 mimics markedly
reduced WT Ppp2r5a 3'UTR luciferase activity. However, the
reduction was not significant when single mutants (for Mirl55
or Mir31 binding sites) or double mutants (for AMirI55 and
Mir31 binding sites) Ppp2r5a 3'UTR constructs were utilized.
Interestingly, Mirl55 or Mir3] mutant reporters did exhibit a
significant decrease in control experiments in presence of Mir31
or Mirl55 mimics respectively (Fig. 4C). These results thus
validate that Ppp2r5a is a direct target of Mirl55 and Mir31.

To further corroborate the direct interaction of Ppp2r5a
with Mirl55 and Mir31, RNA immunoprecipitation of AGO2
(argonaute RISC catalytic component 2) was performed. As
shown in Figure 4D, Mirl55, Mir3] and Ppp2r5a mRNA
were significantly enriched in AGO2 immunoprecipitates in
WT bone marrow-derived macrophages (BMDMs). However,
enrichment of Mirl55 and Ppp2r52¢ mRNA in the AGO2
immunoprecipitates was severely reduced in mirl55-deficient
BMDMs. Mirl06a was used as a nonspecific control that did
not vary with M. bovis BCG infection. Together, these results
suggest that Ppp2r5a is a bonafide target of M. bovis BCG-
induced Mir155 and Mir31.

In agreement with the above results, infection-induced
Mirl55 and Mir31 were found to be dependent on MTOR
(Fig. 4E; Fig. S3A) and TLR2 (Fig. S3B). Upon M. bovis
BCG infection of macrophages, MTOR-dependent increased
H3K4me3 and decreased H3K27me3 methylations, that mark
active transcription, were observed at the Mirl55 and Mir31
promoters. (Fig. 4F). Interestingly, a previous investigation
suggested a role for MTOR in modulating H3K4 methylations.?
In this perspective, we speculated that MTOR mediates
these epigenetic changes at Mirl55 and Mir31 promoters by
regulating the histone-modifying enzyme ASH2L, a component
of the KMT2A/MLL-SETDIA/SET1 family of histone
methyltransferases that mediates H3K4 methylation. Consistent
with the H3K4me3 chromatin immunoprecipitation (ChIP)
data, recruitment of ASH2L to the promoters of Mirl55 and
Mir31 was found to be MTOR-dependent as pharmacological
inhibition of MTOR by rapamycin severely abrogated the M.
bovis BCG-induced ASH2L recruitment to the AMirl55 and
Mir31 promoters (Fig. 4F).

Inhibition of PPP2R5A activity by Mirl55 and Mir31 was
further confirmed by evaluating the activation status of GSK3B.
Upon M. bovis BCG infection, BMDMs from mirl55-null mice
as well as Mirl55 or Mir31 siRNA-transfected macrophages
failed to abrogate PPP2R5A levels resulting in decreased
inactive GSK3B (p-GSK3B) (Fig. 5A). Concomitantly, enforced
expression of Mirl55 and Mir31 resulted in markedly reduced
PPP2R5A levels and increased inactive form of GSK3B (Fig. 5A;
Fig. S3C). Substantiating these results, we also observed that
BMDMs from mirl55-null mice or Mirl55 or Mir31 siRNA-
transfected macrophages were unable to activate M. bovis BCG-
induced WNT and SHH signaling, whereas, Mirl55 or Mir31
mimics alone could activate WNT and SHH signaling as
indicated by the increased p-CTNNBI, p-GSK3B, SHH, GLI1,
and decreased NUMB expression (Fig. 5B).

In order to further delineate the mechanism of Mirl55
and Mir31-mediated inhibition of autophagy, we performed
conventional gain-of-function and loss-of-function analyses.
Knockdown of Mirl55 and Mir31 using specific siRNAs in
macrophages significantly reduced the ability of M. bovis BCG
to inhibit IFNG-induced autophagy as shown by MAPILC3
puncta (Fig. 5C). MAPILC3-II lipidation further confirmed
the compromised ability of M. bovis BCG to inhibit autophagy
in Mirl55 or Mir31 siRNA-transfected macrophages as well as
in mirl55-deficient BMDMs (Fig. 5D and E). In agreement
with these observations, Mirl55 or Mir3] mimic-transfected
IFNG-induced
autophagy (Fig. 5SF-H). These results thus strongly implicate
Mirl55 and Mir31 in the modulation of PPP2R5A and
downstream signaling pathways that regulate autophagy.

macrophages could significantly reduce

Mirl55-Mir31-WNT-SHH  arbitrate  infection-induced
ALOX
Pathogens such as mycobacteria successfully evade the host

immune response by triggering antiinflammatory pathways. 4!

ALOX/LO (arachidonate lipoxygenase)-mediated production of
lipoxins (LXs), which are chalones in inflammatory responses,
represents one such mechanism.*** Therefore, we examined the
expression of ALOXs such as ALOX5 and ALOX1S5 in response
to the tested microbes. Notably, microbes that inhibited
IFNG-induced autophagy, M. bovis BCG, S. flexneri, and
L. monocytogenes, induced marked levels of both ALOX5 and
ALOX15 (Fig. 6A; Fig. S4A). Further, by using macrophages

from #72-null mice and macrophages transfected with Mror

Figure 3 (See opposite page). MTOR-PP2A regulate GSK3B activity to modulate autophagy. (A and B) Quantitative real-time RT-PCR (A) and
immunoblot analysis (B) for Ppp2r5a and PPP2R5A, p-GSK3B respectively from M. bovis BCG-infected murine RAW 264.7 macrophages transfected
with NT or the indicated siRNA. (C) Transient transfection of RAW 264.7 macrophages with the indicated siRNA was performed, infected with M. bovis
BCG for 12 h, followed by 2 h treatment with IFNG. Immunoblot analysis for MAP1LC3. (D) Anti-PPP2R5A and anti-GSK3B immunoprecipitations were
performed with M. bovis BCG-infected C3H/HeJ peritoneal macrophages. The immunoprecipitates were subjected to immunoblotting using the
indicated antibodies. (E) Murine RAW 264.7 macrophages were transiently transfected with pEGFP-MAP1LC3 and NT or Ppp2r5a siRNA, followed by IFNG
(200 U/ml) treatment for 2 h. Representative immunofluorescence images are shown (left panel) and the number of cells expressing MAP1LC3 puncta
was quantified (right panel). (F) Immunoblot analysis of MAP1LC3-1 and Il levels in IFNG-treated murine RAW 264.7 cells transfected with NT or Ppp2r5a
siRNA. (G) Immunofluorescence assay was performed using pEGFP-MAP1LC3 and 3HA-PPP2R5A transfected RAW 264.7 macrophages infected with
M. bovis BCG for 12 h and treated with IFNG for 2 h as indicated. Shown are the representative images (left panel) and the enumerated cells exhibiting
MAP1LC3 puncta (right panel). (H and 1) MAP1LC3 lipidation state and WNT-SHH signaling markers were determined in macrophages overexpressing
3HA-PPP2R5A with the indicated treatment by immunoblotting. All data represent the mean + SEM for 5 to 6 values from 3 independent experiments,
*P < 0.05, **P < 0.005 (one-way ANOVA) and all blots are representative of 3 independent experiments. The cells were infected with bacteria at MOI 1:10
in the experiments. Med, medium; NT, nontargeting; IP,immunoprecipitation; IB,immunoblotting. Scale bar: 5 um.
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siRNA or the MTOR overexpression construct, we show that M.
bovis BCG-mediated ALOX induction was TLR2- and MTOR-
dependent (Fig. 6B; Fig. S4B and S4C).

We then explored molecular mechanisms that promote
infection-induced ALOX expression. As M. bovis BCG infection
induced robust expression of Mirl55 and Mir31, we investigated
the role of these miRNAs in the regulation of ALOX. We
show that mirl55-null BMDMs or Mir31 siRNA-transfected
macrophages failed to induce ALOX5 and ALOX15 upon M. bovis
BCG infection (Fig. 6C and D). In agreement with this, enforced
expression of Mirl55 and Mir3] augmented the expression of
ALOX5 and ALOX15 (Fig. 6D). Also, PPP2R5A negatively
regulated the expression of infection-induced ALOXs (Fig. 6E).

Next, contribution of induced WNT and SHH signaling
pathways in driving ALOX expression was verified.
Overexpression of WNT5A and SHH (Fig. 6F and G) in
macrophages instigated the expression of ALOX5 and ALOX15
whereas pharmacological inhibition (Fig. 6H; S4D and S4E)
or siRNA-mediated interference (Fig. 6I) of WNT and SHH
signaling mediators (Wnt5a, Ctnnbl, Shh, or Glil) significantly
impaired the ability of M. bovis BCG to induce ALOXs. Finally,
ChIP assays were performed to confirm the participation
of TLR2-responsive WNT and SHH signaling effectors,
CTNNBI and GLII respectively, in regulating the expression of
both ALOX5 and ALOX15. By using Matlnspector program, a
total of 8 and 5 CTNNBI binding sites and 2 and 3 GLI binding
sites were identified in promoters (2 kb upstream from the start
site) of Alox5 and AloxI5 genes respectively. Interestingly, TLR2-
dependent 2- to 3-fold recruitment of CTNNBI and GLII
to the promoters of Alox5 and Alox15 was observed (Fig. 6]).
Alrogether, these results demonstrate that Mirl55-Mir31-WNT-
SHH arbitrate infection-induced ALOX expression in a TLR2-
dependent manner.

ALOXs downregulate IFNG signaling to subdue autophagy

As Mirl55-Mir3]-WNT-SHH coordinated the AM. bovis
BCG-induced ALOXGs, it raised the possibility that ALOXs play
a critical role in autophagy. Accordingly, knockdown of ALOXs
using specific siRNA (Fig. 7A-D) or utilization of ALOXs-
specific pharmacological inhibitors (Fig. 7E and F) significantly
repressed the ability of M. bovis BCG to inhibit IFNG-induced
autophagy. Conversely, macrophages overexpressing ALOX5 or
ALOXI1S5 reduced the IFNG-induced autophagy (Fig. 7G and H).

IFNG activates the downstream STAT1 (signal transducer
and activator of transcription 1) signaling to induce antimicrobial

activity of macrophages such as autophagy.* In this regard, we
examined the effect of ALOXs on the IFNG-induced STAT
pathway. Suppression of JAK (janus kinase)-STAT signaling
using pharmacological inhibitor AG490 severely compromised
IFNG-induced autophagy (Fig. 7I and J). Interestingly, enforced
expression of ALOX5 and ALOXI1S5 significantly reduced the
IFNG-mediated activation of STAT signaling (Fig. 7K).

In addition to M. bovis BCG, virulent M. tuberculosis also
exhibited the ability to inhibit IFNG-induced autophagy
by arbitrating the infection-induced ALOX expression via
induction of Miri55-Mir3I-WNT-SHH signaling (Fig. 8).
Further, to analyze the functional consequence of altered IFNG-
dependent autophagy in terms of bacterial replication, we
performed intracellular CFU-based analysis of M. bovis BCG,
S. flexneri, and L. monocytogenes in presence of inhibitors of the
proposed pathway. As illustrated in Figure 9A, pharmacological
perturbations of WNT (FH535), SHH (Cyclopamine), ALOX5
(AA-861), ALOXI15 (PD146176) or MTOR (rapamycin)
significantly reduced the ability of tested bacteria to resist [IFNG-
mediated bacterial clearance.

Discussion

Autophagy is one of the major host effector mechanisms
to clear intracellular microbes. However, pathogens utilize
several pathways to evade autophagy although microbes display

differential abilities to counter autophagy.'’

In the present study,
by using a panel of bacterial species, we elucidated the rationale
and molecular signatures involved in autophagic evasion. We
show that M. bovis BCG, S. flexneri, and L. monocytogenes but
not K. pneumoniae, S. aureus, and E. coli inhibit IFNG-induced
autophagy of macrophages via MTOR by Miri55- and Mir31-
responsive WNT and SHH signaling. Though certain reports
suggest the refractoriness of mycobacteria-infected macrophages
toward IFNG,®®>' we present molecular evidence that
demonstrates repression of IFNG-induced JAK-STAT pathway
during autophagy. Supporting our observation, previous reports
suggest that Mycobacteria and its cell wall components, like TDM,
downregulate IFNG-mediated responses by inhibiting STAT
phosphorylation including p-STAT1.>>*% Of note, individuals with
STAT1 deficiency or defects in IFN-JAK-STAT pathway exhibit
increased susceptibility to mycobacterial infections.”* Impaired
activation of STATI or reduced STAT1 phosphorylation in

patients with active tuberculosis further underscores our data.””*

Figure 4 (See opposite page). MTOR-responsive Mir155 and Mir31 target Ppp2r5a. (A) Putative Mir155 and Mir31 binding sites in the 3'UTR of Ppp2r5a.
(B) Peritoneal macrophages from C3H/HeJ mice were infected with the indicated bacteria for 12 h and quantitative real-time RT-PCR analysis was
performed on total RNA isolated using Mir155 and Mir31-specific primers. (C) RAW 264.7 cells were transfected with WT or single mutant (Mir155A or
Mir31A) or double mutant (Mir155A and Mir31A) Ppp2r5a 3'UTR luciferase construct with Mir155 or Mir31 mimics as indicated. 48 h post-transfection,
cells were infected with M. bovis BCG as shown and luciferase assay was performed. (D) AGO2 immunoprecipitates from WT and mir155-null BMDMs
were analyzed for enrichment of Ppp2r5a, MIR106a, Mir155 and Mir31 using quantitative real-time RT-PCR. Panel shows immunoprecipitated AGO2
using immunoblotting and immunoprecipitation with mouse IgG used as negative control. MIR106a was used as a nonspecific control. (E) Peritoneal
macrophages from C3H/HeJ mice pretreated with Rapamycin (MTOR inhibitor) (left panel) or RAW 264.7 macrophages transfected with Mtor siRNA (right
panel) were infected with M. bovis BCG for 12 h to assay the levels of Mir155 and Mir31 using quantitative real-time RT-PCR. (F) Peritoneal macrophages
from C3H/HeJ were treated as indicated and H3K27me3 and H3K4me3 modifications, ASH2L recruitment at mouse Mir155 and Mir31 promoters were
evaluated by ChIP. GAPDH promoter was analyzed as a control. All data represent the mean + SEM for 5 to 6 values from 3 independent experiments,
ns = not significant, *P < 0.05, **P < 0.005 (one-way ANOVA) and all blots are representative of 3 independent experiments. The cells were infected with
bacteria at MOI 1:10 in the experiments. Med, medium; NT, nontargeting; WT, wild-type; KO, knockout. Scale bar: 5 pm.
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Interestingly, in the current study, both MTORCI and
MTORC2 contributed to the mycobacteria-mediated inhibition
of IFNG-induced autophagy. This could be attributed to either
the feed-forward loop from MTORC2 to MTORCI or presence
of MTORC2-dependent inhibitory effects on autophagy.”’

The decisive role for TLR2 in shaping the outcome of
infection with several pathogens, including mycobacteria, is well
established.?”®*-¢> However, contribution of TLR2 responses
in modulating autophagy has not been addressed. Present
observations could add new insights to the infection-induced
TLR2 signaling during inhibition of autophagy. Interestingly,
in agreement with our results, ligand-dependent activation
of TLR4, as well as TLR7 and TLR8 but not TLR2 induces
autophagy.” However, other TLR2 ligands like Pam3CSK4
or PIM2 failed to abrogate IFNG-induced autophagy when
compared with M. bovis BCG (Fig. S5A and S5B). We would
like to emphasize that whole viable mycobacteria do exhibit
various immune evasion mechanisms including inhibition of
IFNG responses by utilizing a complex network of signaling
events. However, in our view, treatment with purified, TLR2
ligands may not reflect the infection scenario. Likewise, crucial
signaling pathway determinants have been implicated to regulate
autophagy. Recently, studies in Drosophila and mammalian cells
have identified HH signaling to inhibit autophagy.”? Herein,
along with SHH signaling, our results attribute novel role for
TLR2-dependent WNT signaling pathways in suppressing
autophagy.

Post-transcriptional

regulation of gene expression by

miRNAs is fundamental for regulation of signaling pathways
and consequently for calibrating the immune responses.®>%
In the current context, Mirl55 and Mir31 activate WNT-
SHH pathway by targeting PP2A, a Ser/Thr phosphatase
that determines GSK3B activity. We propose that infection-
responsive, miRNA-mediated augmentation of WNT and
SHH pathways are necessary for the sustained and long-
term inhibition of autophagy of host cells that are constantly
influenced by the dynamic cytokine milieu in vivo. In support
of our proposition, B56-containing PP2A are implicated in
the regulation of WNT and HH signaling in various cellular
contexts.”* Notably, pharmacological perturbation of PP2A
inhibits autophagy in rat hepatocytes’ and MTOR possesses
inhibitory effects on PP2A.%® We have previously demonstrated
that Mirl55 induces apoptosis during M. bovis BCG infection

of macrophages.®® Apoptosis of the pathogen-infected cell, in
general, is assumed to help cross-priming and thus activation
of adaptive immune response. However, Mycobacteria-mediated
apoptosis of the macrophages is known to assist in dissemination
of the bacteria and thus act as a means for bacterial replication.””
Fitting well into the known concepts of interplay between
autophagy and apoptosis,®® our data suggest that M. bovis BCG
induces MirI55 to inhibit autophagy and meanwhile promote
macrophage apoptosis. Interestingly, activation of calpain
during apoptosis could induce the cleavage of ATG5 and thus
lead to inhibition of autophagy.” However, in the current study,
inhibition of IFNG-induced autophagy by M. bovis BCG was
significant even in the presence of ALLN, a calpain inhibitor
and Z-VAD, a broad-spectrum caspase inhibitor ruling out
such possibilities (Fig. S6A-S6C). Further, corroborating these
results, Mirl55-transfected macrophages markedly reduced
IFNG-induced autophagy in presence of ALLN and Z-VAD
(Fig. S6D and SGE). This suggests that Mirl55-mediated
apoptosis may not contribute to inhibition of autophagy in case
of macrophages infected with M. bovis BCG. Previously, we have
shown that SHH-responsive Mir31 acts as a negative regulator of
TLR2 responses to mycobacteria.?” However, current evidence
has identified a novel function of Mir3I to inhibit autophagy
by inducing SHH signaling, thus highlighting the ability of
individual miRNAs to affect the expression of many proteins
that could even constitute the same pathway.”” Thus, our data
advocates novel functions for Mirl55 and Mir31 during the
immune response to pathogens.

ALOXs play a significant role in determining the outcome
of ensued immunity during infection. ALOXs inhibit Thl
cytokines and promote Th2 responses. Of note, ALOXs are
targeted by many pathogens to evade immune surveillance.”"”
A report also suggests that alox5-deficient mice are less prone
to mycobacterial infections and exhibit rapid clearance of
pathogens from the lungs.”> We observed an indispensable role
for the infection-induced ALOX5 and ALOXI15 in controlling
IFNG-induced autophagy. Albeit the precise mechanism
involved in ALOX-LX-mediated inhibition of autophagy
requires further study, we found that ALOXs mediate the
downregulation of JAK-STAT signaling. STATI-induced
cytokine signaling in macrophages induces antibacterial effects
including autophagy.** Interestingly, infection of macrophages
with M. bovis BCG induces the expression of many inhibitors

Figure 5 (See opposite page). M. bovis BCG-induced Mir155 and Mir31 are requisite to activate WNT-SHH pathway and regulate autophagy. (A and
B) Immunoblotting was performed to analyze the expression of PPP2R5A and p-GSK3B (A) or WNT-SHH pathway (B) on M. bovis BCG infection of
BMDMs from mir155-null or WT mice or murine RAW 264.7 cells that were transiently transfected with Mir155 or Mir31 siRNAs or Mir155 or Mir31 mimic.
(€) Knockdown of Mir155 and Mir31 was achieved by transfecting specific siRNAs in RAW 264.7 macrophages. 48 h post-transfection, macrophages were
infected with M. bovis BCG for 12 h followed by IFNG (200 U/ml) treatment for 2 h. Representative immunofluorescence images are shown (top panel) and
the number of cells expressing MAP1LC3 puncta was quantified (bottom panel). (D) Murine RAW 264.7 macrophages were transiently transfected with
Mir155 or Mir31 siRNA, M. bovis BCG infected for 12 h and treated with IFNG for 2 h. Immunoblots fo